The signal-to-background ratio is the limiting factor for fluorescence based detection, sensing, and imaging. A typical background signal will include direct scattering of excitation and Raman scattering of the sample as well as autofluorescence from the sample and additives. To improve the signal-to-background ratio, fluorophores of high brightness and/or high concentration of the fluorophores need to be used. Most of the background is instantaneous and short-lived (picosecond to nanosecond time scale), and using long-lived fluorescence probes combined with time-gated detection allows for significant suppression of unwanted background. Unfortunately, this approach requires substantial sacrifice of the probe signal in order to sufficiently filter the background unless the fluorescence lifetime of the probe is very long. However, long lived probes like ruthenium bipyridyl have relatively low brightness compared to probes that have shorter, 10-30 ns fluorescence lifetimes. We recently presented an approach based on bursts of multiple pulses that allowed for high probe signal amplification using long-lived ruthenium based probe (Ru) and an 80 MHz repetition-rate laser excitation. Unfortunately, Ru represents an extreme case for probe lifetime, and a probe with a shorter lifetime of 20 ns will require excitation from a pulsed source with much higher repetition rate to significantly enhance its signal. Such high repetition rates are not possible to generate with most of today's available electronics. In this report we present new approaches to optimize and generate bursts of pulses with high repetition rate within the burst and no need for new or improved electronics. The high repetition rates originate from a low-repetition source and are highly tunable. We demonstrate that a burst of 2-10 pulses spaced 3 ns apart (corresponding to a 'burst repetition rate' of 330 MHz) allows for high signal enhancement of the 20 ns probe over the sub-nanosecond/nanosecond background. Such an approach can be applied for any sensing format, allowing much higher sensitivity for detection. Since the energy of a single pulse is spread over a few pulses in the burst, the fluorophore's photostability also improves.
Introduction
Fluorescence is considered as one of the most sensitive detection technologies, quickly entering various fields from environmental sensing to biomedical diagnostics [1] [2] [3] . With the sensitivity level reaching nanomolar and picomolar concentrations, the fundamental problem for fluorescence based detection becomes the background signal that, in many occasions, can be comparable to or overwhelm the signal from the probe. To distinguish a desirable probe signal from the background, one would typically need to increase probe concentration, which is not always possible or physiologically acceptable. Since autofluorescence in biologically relevant samples quickly decreases with the wavelength, a big effort in the field has been directed toward developing near infra-red (NIR) probes [4] [5] [6] [7] . Additional improvement in the signal-to-noise ratio can be achieved by using long-lived probes and time-gated detection [8] [9] [10] . The fluorescence signal of probes with lifetimes significantly longer than the fluorescence lifetime of the background decays much slower than the background perturbation. Therefore opening the detector a short time after the excitation pulse greatly attenuates the background contribution without significant loss in the probe signal. This approach has shown an excellent improvement in the signal-to-noise ratio for many long-lived emitters. Unfortunately most of the probes in the visible/ red spectral range that have long fluorescence lifetime also have relatively low extinction coefficients and typically very low quantum yields. Shifting the probe absorption even farther toward the NIR spectral range allows for a significant increase in the extinction coefficient and quantum yield, but at the same time, the fluorescence lifetime is shortened, thus making it harder to employ time-gated detection to remove the background. In effect, efforts to increase the extinction coefficient and/or quantum yield gave only limited results leaving us without any possibilities for increasing the brightness of the probe.
We recently reported a method capable of selectively enhancing the signal-to-noise ratio when using long-lived probes [11] . Using a long-lived ruthenium bipyridyl (Ru) probe and multiple-pulse excitation (burst of pulses) we were able to achieve significant signal-to-noise enhancement in tissue imaging experiments. Since the fluorescence lifetime of Ru is over 350 ns, a pulse burst with an internal repetition rate (RR) of 80 MHz was sufficient to selectively enhance Ru excitation more than an order of magnitude over the background. The long lifetime of Ru is also excellent for the time-gated detection approach, which can be simultaneously applied with multi-pulse excitation, but at the same time, this very long fluorescence lifetime significantly slows the scanning rate for fluorescence lifetime-imaging microscopy (FLIM) experiments. To increase the speed for image collection it would be desirable to apply bursts of pulses to fluorescence probes with much shorter fluorescence lifetimes on the order of 10-50 ns. Since the typical fluorescence lifetime of the background fluorescence (cells and intrinsic tissue fluorescence) is 1-5 ns [11] [12] [13] , a signal from a probe with fluorescence lifetime longer than 10 ns should be significantly elevated above the background when excited with bursts of pulses that have a high internal RR. Unfortunately most commercial laser systems work with an 80-90 MHz maximum rep rate, resulting in a time gap between pulses of 11-12.5 ns. For a fluorophore that has a fluorescence lifetime of ~20 ns, the possible enhancement with an 80 MHz rep rate in the burst will be relatively low. Various strategies/technologies for lowering the laser RR are well established, but increasing the RR to 200-500 MHz is much more problematic.
In this report we present simple methods to generate bursts of pulses with a desirable high and tunable RR within the burst from a train of low repetition single pulses (like pulses from a typical laser diode generated with RR 20 MHz or lower). We discuss a theoretical approach to optimize the spacing between pulses in the burst (apparent internal RR) as a function of the probe and background lifetimes. Depending on the fluorescence lifetime of the probe, we can tune the temporal spacing between pulses within the burst (RR within the burst) to achieve the maximum ratio between probe and background signal. We present a simple example in which the signal of the AzaDiOxaTriAnulenium (ADOTA) [12] [13] [14] probe with a fluorescence lifetime of 20 ns is increased more than 300% Such an approach opens new possibilities for enhanced detection, sensing, and imaging with the use of only moderately long-lived fluorophores. Probes with fluorescence lifetimes in the order of 10-40 ns will typically have much higher brightness than long-lived ruthenium based probes and a few fold increase of the signal yields very sensitive detection. Significant increase in apparent brightness of the probe over the background opens new possibilities for chemical and biomedical sensing, biomedical diagnostics, and cellular and tissue imaging applications.
Theoretical model
Excluding single molecule approaches, the majority of fluorescence and fluorescence based sensing/imaging experiments are conducted under the condition for which only a very small fraction of the fluorescent molecules can be excited with a single pulse. In commonly used cuvettes or solid samples, even a well collimated laser beam will contain millions of dye molecules in the excitation volume where only a small fraction can be excited by a single excitation pulse. Even a typical confocal volume used for cellular and tissue imaging contains a significant number of fluorophores and only a small portion of them are excited with a single pulse. In other words, the conditions for a typical fluorescence experiment are very different from experiments like single molecule or fluorescence correlation spectroscopy (FCS), where the main effort is to limit the number of observed molecules by drastically limiting the probe concentration and excitation volume.
Consider a short, single pulse that excites N e molecules in the sample out of the total number of fluorophores available in the excitation volume of N T where N T >>N e . The number of excited molecules decays quickly depending on the molecules' fluorescence lifetime, τ,
/ . The number of emitted photons at any moment in time is proportional to the total number of molecules in the excited state at a given time. Consequently the observed instantaneous fluorescence intensity, I (t), is proportional to the number of molecules in the excited state (I(t) ~N e (t)). For low RRs, when the population of excited molecules decays completely before the arrival of the next pulse, the average steady-state intensity will be proportional to the pulse intensity and RR of the laser, or in fact, the number of pulses per unit time. Most fluorophores decay within a few nanoseconds and typical RR that are 80 MHz or lower give a pulse separation Δt > 12.5 ns. Consequently molecules that have a fluorescence lifetime of less than 4 ns excited by one pulse decays almost completely before the next pulse arrives. When the fluorescence lifetime is longer than the pulse separation (τ > Δt), the excited state population decays only partially and new molecules excited by the next incoming pulse are added to the molecules still in the excited state. In such a system, the number of molecules in the excited state will increase with each pulse reaching the equilibrium when the number of molecules excited by a single pulse is equal to the number of molecules that return to the ground state over the time interval equal to pulse separation, Δt. One can calculate the number of molecules in the excited state by analyzing subsequent excitations. The first pulse excites N e molecules that, for simplicity, is much lower than the total number of fluorophores in the excitation volume N e <<N T . When the second pulse arrives, the number of molecules remaining in the excited state is = e assuming that the second pulse excites the same number of molecules. In fact, the number of fluorophores available in the excitation volume is lower (N T − N 1 ), but for our consideration we assume N T − N 1 ≈ N T . Extending this for n pulses, we have a geometrical series, and the number of molecules in the exited state after n pulses will be: 
And consequently for an infinite number of pulses we have the semi-equilibrium condition where: figure 2 , we present the maximum number of molecules in the excited state as a function of rep rate in the burst for various fluorescence lifetimes. For low RR when pulse separation, Δt, is τ Δ = >> t 1 / RR the number of molecules in the excited state after each pulse does not depend on the RR and is the same for each fluorescence lifetime. Excited fluorophores decay to the ground state well before the arrival of each consecutive pulse. As the RR approaches the 1/τ value, not all fluorophores are able to decay and each consecutive pulse adds to the un-decayed population of the excited state.
After a large number of pulses the system reaches semi-equilibrium where the number of molecules in the excited state after each pulse is equal to N eT given by equation (1) . Between two consecutive pulses, a number of N e molecules will decay to the ground state. Further increase of the RR increases the population of the excited state, and for significantly higher RR, the excited state population is an exponential function of RR (linear dependence in a logarithmic scale in figure 2) . After a given number of pulses, the number of molecules in the excited state will depend on the ratio of fluorescence lifetime, τ, to 1/RR.
In a typical experiment we will not use a large (infinite) number of pulses in the burst, and it is interesting to consider how the number of excited molecules changes for limited number of pulses in the burst. Figure 3 shows the number 
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of excited molecules with a four pulse burst when consecutive pulses are separated by 3 ns (330 MHz RR) for a series of fluorescence lifetimes of 1, 5, 20 and 50 ns. It is clear that for lifetimes of 20 ns and longer the initial intensity is highly increased (over threefold) while for lifetimes shorter than 5 ns the increase is negligible. For a pulse separation of 12.5 ns (80 MHz RR) the increase becomes significant only when probe lifetimes are longer than 50 ns (data not shown) [11] . Figure 4 shows a simulation for initial signal ratios between the long lived (20 ns) fluorophores and varied, short lived background contributions with lifetimes of 0.5 ns, 1 ns, 2 ns, and 5 ns, respectively as a function of the number of pulses in the burst with an internal RR of 330 MHz. It is clear that for the probe with fluorescence lifetime of 20 ns, the initial intensity highly increases with increasing number of pulses (over threefold already for four pulses) when lifetimes of the background are shorter than 2 ns. The 20 ns fluorescence lifetime is accessible with our ADOTA probes [13, 14] and the major components of typical backgrounds range from 0.3 to 2.0 ns [12] . For fluorescence lifetimes of the background shorter than 2 ns, the enhancement is practically linear for the first 4-6 pulses, yielding the relative signal enhancement of the 20 ns component to about fourfold.
Finally we want to ask the following question: what will be the optimal internal RR in the burst if we want to separate the signal of a probe with fluorescence lifetime of 20 ns from the background of shorter fluorescence lifetimes. We consider background fluorescence lifetimes of 0.5 ns, 1 ns, 2 ns, and 5 ns, respectively. Figure 5 shows the ratio of the initial intensity signal as function of burst internal RR for 2, 3, 4, 5 and 6 pulses in the burst. Interestingly the ratios for various fluorescence lifetimes of the background have distinct maxima that depend on the background lifetime and also the number of pulses in the burst. The enhancement clearly can be adjusted for various fluorescence lifetimes of the sample and background (relative enhancement depends on the ratio of fluorescence lifetimes of the sample to the lifetime of the background) and in the presented case is a little over 2 for a 5 ns background lifetime for 3 and more pulses in the burst. Interestingly the optimal RR in the burst for a 20 ns sample lifetime and a 5 ns background is below 200 MHz.
Increasing the RR lowers the ratio, and that for infinitely high RR (continuous excitation) should be back to 1. For shorter lifetimes of the background, the enhancement significantly increases (to a value close to fivefold for lifetimes shorter than 1 ns) but shifts to higher RR in the burst. For 3-4 pulses and a background lifetime of 1 ns or less the optimal RR in the burst are above 300 MHz.
Experiment
The burst of pulsewith a RR of 80 MHz in the burst can be obtained with commercially available electronics as previously described [11] . In figure 6 we are presenting experimental results for intensity decays measured with 10 pulse bursts with an internal RR of 80 MHz for ADOTA (~20 ns), Rhodamine 6 G-R6G (3.4 ns), and Erythrosine B-ErB (0.4 ns) in ethanol. The initial fluorescence signal of ADOTA can be enhanced about twofold as compared to the single pulse while the signals from R6G and ErB are practically unchanged. To improve signal enhancement, it will be necessary to generate pulses with higher RR. Most commercial systems typically allow the lowering of the pulse RR down to kHz range but the upper limit is typically 80-90 MHz. Also it is important to realize that a 20 ns fluorescence lifetime should be measured with a RR of 10 MHz or better lower allowing pulse separation of 100 ns or more to avoid a problem frequently called cyclic excitation.
For simplicity, consider a source of pulses with a low RR of 1 MHz (1000 ns separation between pulses). It is important to note that increasing pulse power will increase overall signal but will not change the signal-to-background ratio. One way to enhance the signal-to-background ratio would be to transform each pulse to a burst of 2 or more pulses separated by constant delay within the burst. In principle, separating a single pulse into n pulses will lower the power of each individual pulse in the burst. In the perfect case, the sum of powers from each individual pulse should be equal to the power of initial pulse. Each burst of pulses will be separated by 1000 ns (dictated by the source RR). The concept is schematically shown in figure 7 . The primary pulse source generates pulses that are separated by time T corresponding to 1/RR. A box device generates pulse bursts separated by time T with a set number of pulses in the burst spaced by a time much smaller than T. Such a burst generator can be constructed in various ways. In this report, we are presenting and testing two approaches: Figure 8 shows the simple system that allows splitting/dividing the single pulse to multiple pulses of desirable delay. The incoming pulse is partially reflected on mirror M 1 and Figure 9 . Traces of three pulses generated with the line shown in figure 7 and measured with photo-multiplier tube (PMT). Each color represents individual pulse and black color overlays three pulses measured simultaneously. transmitted by mirror M 1 ′ . The remaining part of the pulse is then reflected at the mirror M 2 and M 2 ′ and finally M 1 ′ to go on the same line with the first part of the pulse. The operation can be repeated on mirrors M 3 … etc. Each consecutive pulse will be delayed proportionally to the distances a i between the mirrors. If each of the distances a 1 , a 2 , .. is about 45 cm then the total pulse delay for the first delay line will be 3 ns. For the next pulse 6 ns, etc. (each consecutive pulse travels each distance a i twice).
1. Using delay lines
We generated bursts of three pulses using clear glasses (for example microscopy slides) and output from a Picoquant laser diode 485 nm operating with RR of 1 MHz. In such a way, the output pulse power in each line (each pulse in the burst) is lower than 10% of original power of the pulse. The relative intensity of each pulse can be conveniently regulated by neutral density filters inserted between consecutive mirrors M n and M n ′ . In figure 9 we present all three pulses generated simultaneously (black dashed line) and each pulse individually by closing two remaining lines noted with points of different color.
We can measure intensity decays with each pulse separately as shown in figure 10 for ErB and ADOTA respectively. The measurement with bursts of three pulses is shown in figure 11 . In this case the initial intensity of ADOTA after three pulses is increased over 2.5-fold while the initial intensity of ErB practically did not change. It is clear that already three pulses gives an excellent enhancement of ADOTA over the shortlived background. The measured fluorescence lifetimes are as expected: 20 ns for ADOTA and 0.4 ns for ErB.
Using fiber optics of different length
The concept for using fiber optics is shown in figure 12 . A single pulse is coupled to a bunch of fiber optics. Each fiber optic carries part of the light intensity but has length that differs by ΔL. As pulses exit from each fiber on another end of the bundle they will be delayed proportionally to the length differences. Typically a length of about 0.6 m results in about 3 ns delay. In our case we were using five 500 μm fibers bundled together. The measured pulses and intensity decays for ErB and ADOTA obtained with five fibers bundled together are presented in figure 13 . It is important to stress that for our experiment, we were using five pieces of commercially available fiber optics that were cut to different lengths. In such a crude construction, it was difficult to couple comparable intensities to each fiber. Also, on the output the excitation spots were visually separated. This does not alter results; confirming that pulses do not have to excite exactly the same volume. Excitation at slightly different volumes could be a disadvantage for microscopy but could be very advantageous for sensing and diagnostics since this may allow for gentle sample excitation and less photobleaching and prevent problems arising from possible saturation. Also for microscopy, the output of fiber bundle can be a single fiber allowing for perfect spot alignment. Finally using the system in figure 8 with three pulses, we tested fluorophore photostability using a solution of fluorescein using single pulse and three pulses. The energy of a single pulse was adjusted to have input power exactly equal to the cumulative power of three pulses. The results in figure 14 show the photobleaching traces for a single pulse and three pulses. The photostability with three pulses is slightly better probably due to gentler excitation.
Conclusions
We presented simple ways for generating a burst of pulses of desirable RR in the burst. Such bursts of excitation pulses have been proven to allow for excellent signal enhancement for long-lived probes. The signal enhancement for a longlived dye can be optimized depending on the fluorescence lifetimes of the probe and background by adjusting the internal RR in the burst. Already for a fluorescence lifetime of 20 ns, the signal can be enhanced 500% over the short lived background (<1 ns), and for lifetimes of the probe longer than 20 ns, the enhancement can be much greater. This technology can be very useful in applications to fluorescence based sensing, biomedical diagnostics, and cellular and tissue imaging. 
